INTRODUCTION
In the recent years, aluminum chemistry has experienced a renaissance as a result of increased interest in the reactivity of its low oxidation state compounds. 1, 2 Since Schnöckel first synthesized metastable aluminum mono-halide solutions more than 30 years ago, 3, 4 they have become the principle precursors from which a variety of ligated aluminum compounds have been synthesized. 1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] Among the ligand constituents of these compounds, Cp*, i.e., pentamethylcyclopentadienyl, has often played a starring role. The cluster, (Cp*Al) 4 , was an early example of a ligated aluminum compound synthesized by Schnöckel; it having been prepared through the reaction of an AlCl solution with Cp* 2 Mg. [11] [12] [13] (Cp*Al) 4 has a unique chemistry, resulting from aluminum's +1 oxidation state. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Its versatility is illustrated by the fact that (Cp*Al) 4 can react with the main group element compounds to form unusual cluster structures, such as rings and cages. [21] [22] [23] (Cp*Al) 4 can also dissociate into monomeric Cp*Al units, 14 and since these have lone electron pairs on their aluminum sides, they can act as ligands in transition metal complexes. [16] [17] [18] [19] [20] Additionally, [Cp*AlH 2 ] 3 and Cp* 2 AlH have been prepared. In the latter case, Cp* 2 AlH is in equilibrium with Cp*H and Cp*Al. 24 Cp* is also an important ligand in aluminum-rich metalloid clusters, such as Al 50 Cp* 12 ; this cluster having been prepared using the precursor, AlBr. 25 (Cp*Al) 4 has also been used to make Al 8 Cp* 4 . 26 Aluminum-rich clusters have received special attention because of their potential as energetic materials. 27 Other than these ligated clusters, the monovalency of Al in bare Al clusters was also discussed theoretically. 28 a) Authors to whom correspondence should be addressed. Electronic addresses: AKandalam@wcupa.edu and kbowen@jhu.edu
In the present work, we extend the study of Cp*-ligated aluminum clusters into the gas phase. We report the formation and the anion photoelectron spectra of three previously unknown cluster anions: Cp*Al n H − , n = 1-3. These were formed due to the reactions of aluminum hydride cluster anions Al n H m − with Cp*H in a beam-gas reaction cell. We also report density functional theory (DFT) based calculations which were used to identify the lowest energy structures of the neutral ( 0 ) and negatively charged (−) Cp*Al n H 0/− systems. Comparisons between the experimentally and theoretically determined vertical detachment energies (VDEs) and adiabatic detachment energies (ADEs) validated the computed geometrical structures.
METHODS

Experimental
Aluminum hydride cluster anions, Al n H m − , were generated in a pulsed arc cluster ionization source (PACIS) which has been described in detail elsewhere. [29] [30] [31] [32] This source has proven to be a powerful tool for generating metal hydrides and their anions. [30] [31] [32] [33] [34] [35] [36] [37] Briefly, a ∼30 µs duration, 150 V electric pulse was applied across an anode and a sample cathode, vaporizing aluminum atoms and forming a plasma. In the present case, the sample cathode was a 0.5 in. diameter pure aluminum rod. About 200 psi of ultrahigh purity hydrogen gas was also injected into the arc region through a pulsed valve. The hydrogen gas, which had been partially dissociated by the discharge, propelled the aluminum-hydrogen atom plasma mixture down a 3 cm long flow tube, where its constituents interacted and formed cluster anions.
Anions generated by this method then passed through a 5 mm-wide gap before entering the reaction cell. These cluster anions were not mass-selected. The reaction cell was a 10 cm long, 1 cm diameter tube with 2 mm diameter apertures on each end. These apertures helped to maintain a suitable concentration of reactants in the cell and to minimize back-flow. To introduce Cp*H ligands into the reaction cell, 50 psi of Cp*H-seeded, ultra-high purity helium was injected through an aperture on the side of the reaction cell by a second pulsed valve. This aperture was mounted on the downstream end of the cell in order to reduce back-flow. The amount of Cp*H injected into the cell was controlled by varying the valve's pulse duration from 50 µs to 250 µs. The resulting anionic reaction products, along with unreacted Al n H m − , continued to drift toward the extraction plates of the time-of-flight mass spectrometry portion of the apparatus, from where their mass spectra were recorded. Cluster anions of interest were then mass-selected and their photoelectron spectra recorded.
Anion photoelectron spectroscopy is conducted by crossing mass-selected, negative ions with fixed-energy photons and analyzing the energies of the resultant photodetached electrons. This technique is governed by the well-known energy-conserving relationship, hν = EBE + EKE, where hν, EBE, and EKE are the photon energy, electron binding energy (photodetachment transition energy), and the electron kinetic energy, respectively.
Our photoelectron apparatus, which has been described elsewhere, 38 consists of several possible anion sources, a linear time-of-flight mass spectrometer, a mass gate, a momentum decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser operated in the third harmonic (355 nm) for photodetachment, and a magnetic bottle electron energy analyzer with a resolution of 35 meV at EKE = 1 eV. The photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu − . 39
THEORETICAL
The lowest energy structures of neutral and negatively charged Cp*Al n H 0/− (n = 1-3) systems were obtained by conducting density functional theory (DFT) based electronic structure calculations. The gradient-corrected Becke's exchange functional 40 combined with the Perdew-Wang correlation 41 functional (BPW91) and a 6-311+G** basis set were used for all the calculations; these being carried out using the Gaussian 09 software package. 42 Structural configurations of neutral and anionic Cp*Al 1-3 H 0/− systems were optimized without symmetry constraints. In the geometry optimization procedure, the energy convergence criterion was set to 10 −9 hartree, while the gradient was converged to 10 −4 hartree/Å. The reliability and accuracy of the functional form used in this study to predict the lowest energy structures of metal organic systems was established in our earlier studies on metal-organic complexes. [43] [44] [45] [46] [47] The vertical detachment energies (VDEs) and the higher energy transitions obtained from the theoretical calculations were compared with the corresponding measured values. The vertical detachment energy (VDE) is the energy difference between the ground state anion and its corresponding neutral in the geometry of the anion. The calculated adiabatic detachment energies (ADEs) of the lowest energy isomers of the cluster anions were compared to the onset (lowest electron binding energy) region of the anion photoelectron spectrum. The ADE is calculated as the energy difference between the lowest energy geometry of the anionic cluster and the structurally similar/identical isomer (nearest local minimum) of its neutral counterpart.
RESULTS AND DISCUSSION
Figures 1(a) and 1(b), respectively, present anion mass spectra before and after reaction. In Figure 1(a) , several homologous aluminum hydride cluster anion, Al n H m − , series are observed, i.e., those based on n = 2-8. After injecting Cp*H seeded in helium into the reaction cell, we observed the mass spectrum presented in Figure 1 (b). There, residual intensities of unreacted aluminum hydride cluster anions share the spectrum with three higher intensity Cp*Al n H − , n = 1-3 product peaks. Unit mass resolution was attained for all species in both spectra.
In zero. All the experimental and theoretical VDE and ADE/EA values are tabulated in Table I . The photoelectron spectrum of Cp*AlH − [see Figure 2 (a)] exhibits a broad band between EBE = 1.0 and 2.0 eV, followed by several weaker peaks at higher EBE values. The EA of Cp*AlH is estimated from the spectrum to be 1.0 ± 0.2 eV, while the VDE of Cp*AlH − is seen to be 1.6 ± 0.1 eV. The calculated ground state geometric structure of anionic Cp*AlH − is shown in Figure 3 (a). The aluminum atom binds to two carbon atoms (η 2 coordination) in the Cp* ring with an average Al-C bond length of 2.41 Å, while the hydrogen atom binds radially with the aluminum atom with an Al-H bond length of 1.75 Å. The calculated VDE of this anionic structure is 1.60 eV which is in good agreement with the measured value of 1.6 ± 0.1 eV. The HOMO of the anion from which the electron was photo-detached corresponds to an anti-bonding orbital between Al and H atoms. In the case of the ground state of neutral Cp*AlH, the aluminum atom prefers to bind to all five carbon atoms (η 5 coordination) of the Cp* ring [see Figure 3 (b)], with an average Al-C bond length of 2.38 Å. The calculated ADE value of Cp*AlH is 0.85 eV which is in reasonable agreement with the measured value. The difference between ADE/EA and VDE values for this cluster is due to the structural difference between the anion and its neutral counterpart. The natural population analysis (NPA) charge analysis of the lowest energy structure of neutral Cp*AlH has revealed that there is a significant charge transfer from Al atom to the Cp* ligand and H atom, thereby resulting in a charge of +0.89e on the Al atom (see Fig. 3(b) ). In the case of the anionic Cp*AlH − on the other hand, the NPA charge on Al atom is +0.30e (see Fig. 3(a) . Dimerization of the aluminum atoms, i.e., the formation of a metal-metal bond, is the common structural feature among these three isomers. Moreover, only one of the aluminum atoms in each case interacts directly with the Cp* ring. In the lowest energy anionic isomer [see Figure 4 (a)], the proximal aluminum atom exhibits η 4 coordination with the Cp* ring. The next two higher energy anionic isomers display η 5 coordination [see Figure 4 (b)] and η 2 coordination [see Figure 4 (c)], respectively. Another notable structural difference among these isomers is the interaction of the hydrogen atom with the Al 2 dimeric moiety. In the lowest energy isomer [see Figure 4 (a)], the hydrogen atom is weakly bound (based on bond lengths) to both the terminal aluminum atom and the proximal aluminum atom. In the next higher energy anionic isomer [see Figure 4 the hydrogen atom is relatively strongly bound to the terminal aluminum atom. In the highest energy anionic isomer [see Figure 4 (c)], the hydrogen atom is also relatively strongly bound but only to the proximal aluminum atom. Since, the energy differences between these three isomers are small, we have calculated the vertical detachment energies for all three isomers. The calculated VDE values of the first anionic isomer [ Figure 4 consists of an aluminum dimeric moiety with one of its aluminum atoms interacting directly with the Cp* ring via η 5 coordination, while the hydrogen atom is bound to the terminal aluminum atom. This isomer is similar in structure to that of the second lowest energy anionic isomer [see Figure 4 (b)]. In the higher energy neutral isomer [see Figure 4 (e)], however, both aluminum atoms in the aluminum dimeric moiety interact with the Cp* ring, while the hydrogen atom is bound to one of the aluminum atoms. Interestingly, the structure of the lowest energy isomer of the anion [see Figure 4 (a)] does not appear among the structures of neutral Cp*Al 2 H. The calculated ADE value for Cp*Al 2 H − is 0.73 eV which is in good agreement with the measured EA value of 0.8 ± 0.2 eV.
We now turn to the NPA charge analysis in the neutral and anionic Cp*Al 2 H. The charge distribution of the lowest energy isomer of neutral Cp*Al 2 H [see Fig. 4(d) ] shows a total charge transfer of −1.03e from the Al 2 moiety to Cp* ligand and H atom, with the proximal Al atom contributing 73% of this charge transfer. Note that this charge transfer is larger than that discussed in the Cp*AlH complex. A comparison of the charge distributions between the anionic [Figs. 4(a) and 4(b)] and neutral isomer [ Fig. 4(d) ] reveals that during the photodetachment process from the anionic Cp*Al 2 H − , 87% of the electron's charge comes from the Al 2 moiety, with the terminal Al atom contributing 50% of this charge.
The photoelectron spectrum of anionic Cp*Al 3 H − [see Figure 2 (c)] exhibits a spectral shoulder between EBE = 1.3 and 1.7 eV, followed by two well-defined bands, occurring between EBE = 1.7 eV and 2.3 eV and between EBE = 2.6 eV and 3.3 eV. The shoulder appears to be distinct from the first, well-defined band centered at EBE = 1.9 eV. As such, In both of these nearly isoenergetic structural isomers, aluminum atoms bond as triangular, trimeric moieties with only one of their aluminum atoms interacting with the Cp* ring (via η 5 coordination). As in the anionic Cp*Al 2 H − case, these two isomers differ only in how their hydrogen atoms are bound to the aluminum trimeric moiety. In the case of the lowest energy anionic isomer [see Figure 5 (a)], the hydrogen atom is terminally bound to one of the aluminum atoms, while in the other anionic isomer [see Figure 5 (b)], the hydrogen atom bridges between two aluminum atoms. The calculated VDE value of the lowest energy isomer is 1.40 eV, which corresponds to the electron detachment from the HOMO that is dominated by bonding characteristic between the Al atoms of the Al 3 moiety. The VDE value of the higher energy isomer is 1.20 eV which again is due to the electron detachment from the bonding (between Al atoms) HOMO orbital. These values are in accord with the estimated experimental value of 1.4 eV. In addition, the calculated higher transition energies of EBE = 2.40 eV and 3.22 eV for the lowest energy anionic isomer and EBE = 2.71 and 3.72 eV for the other isomer may be contributing to the higher EBE bands of the photoelectron spectrum.
Interestingly, the structure of the lowest energy isomer of the neutral Cp*Al 3 H system [see Figure 5 (c)] is similar to that of the anionic Cp*Al 3 H − isomer seen in Figure 5(b) , while the structure of the lowest energy isomer of anionic Cp*Al 3 H − [see Figure 5 (a)] is similar to that of the neutral Cp*Al 3 H isomer seen in Figure 5 also reveal a similar picture as the neutral Cp*Al 2 H, namely a significant amount of charge transfer from the Al moiety to its ligands. In both of the neutral isomers, a total charge transfer of −0.94e from the Al 3 moiety to Cp* ligand and H, with the proximal Al atom contributing majority of that charge transfer [72% in lowest isomer and 60% in the higher energy isomer]. A comparison of the charge distributions in the anionic and neutral isomers of Cp*Al 3 H again reveals a familiar picture. During the photodetachment of the electron from the anionic Cp*Al 3 H − , 85% of the electron's charge is lost by the Al 3 moiety, while the remaining 15% of the electron's charge is contributed by the Cp* ligand. Lastly, in Cp*Al n H − species with n > 1, only a single aluminum atom interacts with the π-complex's structure. In addition, there is no clear preference between bridged-hydrogen and terminal hydrogen-containing structures.
For aluminum, any oxidation states (OS) other than +3 and 0 are considered to be low OS. In this study, the (average) OS of aluminum in the three clusters, Cp*Al n H − are +1, +1/2, and +1/3 for n = 1, 2, 3, respectively, given the conventional wisdom that the OS of Cp* and H are both −1. The low oxidation states of aluminum in the mono-ligated Cp*Al n H aluminum clusters studied here make them not only perspective reactive reagents for synthetic applications but also potential components of energetic materials.
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